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Abstract

Most of neural network chips use an analog-type maximum selector circuit (MS). As the increase of integration level,
the analog MS has difficulties in achieving sufficient resolution. Contrary, the digital-type MS is easy to get high
resolution but slower than its analog counterparts. A new high-speed digital MS circuit called MSIT (Maximum Selector
with Internal Trigger-signal) is presented in this paper. The MSIT has been designed to achieves both the high reliability
by using trigger—signals and high speed by removing the unnecessary waiting times. The response time of MSIT is 3.4ns
for 32 data with 10-bit resolution in the simulation with 1.2V, 0.13pm-process model parameters, which is much faster
than its analog counterparts. It shows that digital MS circuits like MSIT can achieve higher speed as well as higher
resolution than analog MS circuits.

Keywords : Maximum-Selector, Winner Takes All, Neural Network, Digital Maximum Selector,

Digital Integrated Ciruit

55

I.M E Network)th 3 A (Fuzzy) Al2~8ES FAsE vl$- F9
gk g2olw, vy Y Fo| AAE wol] Ay

Maximum/Minimum Selector (MS) 3|2+ o8 7§ oJ gk}

o] dlole TollX 7Hg 2/22 ghe 2t HlolEE 3

MS3E| 2= A g ofdR13|2g Agstet

ohfl= 3FRo|t}, MSIRE AAWIZ (Neural Lazzaro et alV'ol ©3l9] MOSZ F&® MS3 =7}

HxZ 2N o] o] FRE V|2E W 4 H

S A3, dEstazieh) AAbe et 2 2L 75S Frkete UW soR Wrh wEdl

=

(Department of Electronics Engineering, Dankook
University) s
# o] el 2010 shdw wmmistm mstelyn] A FAHe] o

HAEt B MSIEE FAsy] Y% B At

do7 ATHY L. opt® 1 MS3| 2o da] W A7t MdHo2

Haedak 201191494, sA SR 2011d2474

(116)



56

¥

>

=
i)
1)

Jol o]t MSﬂ

o!
ul

N

NN

o 2

2
R < R = u

g
§\§
7o
o
i
fitl
LI

ol

o

9} ‘BH*PL(resolutlon) 7}
W32 = eghe] o
to] BAo] 7hsg 54 “H—f"ﬂ 1E
A7|17F Fa HE7F wE opd = vk

ek e dlel 44}

on, 1

o T

o
of
o

ol ® [o
o KU
Joy 2 ¢ %
rlr

i&miﬁr}ilﬂﬁ.&

o]}i

| E & (perceptron)¢] 7}
FEE e MSIE7F aqtd
ghol #obAaL Sl FAlolaL, o]
AR FolA A Hof s =
MS3| 27} 2k 7P & BAHOR

o to
:(n)L_“

>
fol

o
-

oo 2 T ot rlo o N
i
lo
LI

o
o K

ki

ol
=

e oA
2 Sy

g MS3zE

>
=
ofo
ol
oL

=
(m
5
= rir
s,
o
el Sl
HU _VL

{m
Xy
2

2
e
fo
S
o
k1

8% SoC 7Ere] FAlolnh A4 A

of FQREES UL i oz AAgF e
A 9 AA = FPGAE o] 83t =X 1 A|%7| k)
HE-S d¥ 4738 = ok

B =RoAE oldEa MS3|z27) 72t EAdS
S&EetaL, AW HAEsE g A9 de
2 &) tAE MS3I| 25 AF-AA AT

I. W5 HolM=E o8¢t C{X[E Maximum

Selector 3=
1. 23 AL

gxg dlolHeA Hd s
Successive Elimination KL
ot ]—,q = [ll]ol
Elimination &iL2]&

< HIO]HE H 2] aL

S zohle dugEe
2225} Parallel  Bit

=
o] dleole &

o}

Successive

flsel 4

= 1L
Selection o]

g
=)
D
=,
£
<
il
>{i

T
=
Toi
Hu
i
k=)
olo
_QI_
k1
B
10

117

| CXIE Maximum Selector 3|29 A =33
dolg el 7 S718rE AAA I (delay)o] AolA
W, wo] AR I BAAE o] &3to] AZEI o] A oR
FRAY WA ok doleel 47 wA 9 o 7

2 Abgud,
Parallel Bit Selection ¢1gl5e ZE HoHE F
9] MIE(MSB) HE HE B9l A vl 2
39 W E(LSB)7HA4] H] Sle WA o2 mrbit HlolH
o A% O(m)el Weg 2t} o duAZE of
GET WA 2ol 1jr-r«] HolHE & Hl g

Al o]
AomE Hlua= volH o £7h Wil 149 o]y
A 7F 85 Al A3tsl)

Adam Kapralski'= ahuhe] wE
+= Parallel Bit-Selector (PBS)
PBSE HIE & whg o] S A =
BAlA F2se TMAX 329 TMAX 325 HE
ﬂa‘ﬂ o]zglolo g FAAT|E
T3 o] el PBSE A ~H
°ﬂﬁ0}04 @ Ate]Fo] Fdsk= SMAX
325 AT

Parallel Bit Selection &
S o]zl 7S 283

Folgek M g oxetel

(throughput)° =4 AR T T

=
=

-

1
ik
[N
tio
)
o

fo
_|L
E3
o >
T op
ol
o

Ir

O~
=2 T

DL"] ZHresponse time)< 3] 501 o} 131 2g
ﬂ_o]o z%ﬁ_zs]. A= H]E]O

3

2 (H

fr
jinss

o fF 2

froox Moo r@ & o

AAZE oW Tho]ekle] o] ate
7he g G‘J”éﬂﬂ‘:}

9] e} o] sho]x
Hofel whe}, Zou "]XL (start) Al
of A Foldl= BE s3] g /\}O]%‘ el <
BYEE AAY 327 &3ttt Kapralskizl Aj¢rat
SMAX 3|2+ wd  Alo]E G4 (Single-cycle
implementation)2] MS 3] Z0]x|4t o] 3]2% o]
Hokgt EAS AYaL ek o]E5o] ARtgk PBS3I| &
’L’ﬂ AXHE o] &% tF Ato]E (e mpo]zeldl)
HAste Fx2 AAE Slo], PBS Eo] ©&
SMAX 32+ TMAXS] &9}
25 Zta Qlvh webA



2. U MMz E 0|8
Selector 3|29 MA

B Ao A= Parallel Bit Selection A4S Al&-3}

of txd MS3I=E AAsNI 379 olalE 7]

9l H a NS mbit dlolEolA Hzks z2te

Parallel Bit Selection &2Hs 2.9FsHd

o 1=

S+ C|XE Maximum

1—‘;—_

J -

1_

u}

L mlm

Wb GAR EuH, 3 o
Hel A 9]¢l 3ht

[ R=
AT

E (MSB, Most Significant
Bit) —rE1 Zrele]  HIFYHIE  (LSB, Least
Significant Bit)7H#] A4 0.2 zl g€t}
A2 Aol dlole7b 7t de] Hrth
(MSB) @7 38 7 @A HFrpA el we} s
Zha el ZHRshe dlolE9h AlelE = HlolE
Agste] Frds BAS o gEtE o)
Bl 473 Friodel A Al Le

Zb AR v EQ gho] wet sk wlo]E 9}
getr] = dloleE A4ett) o] uf Bt vE 7
191 dloJElE ZFata, 0 ¢ do|HE gty
o BE Fridde] F7HE ghol 0d A9

el e} glo s,

w2 eHLSB) dAE 4% &
Ho s zte dlolEl7b k. vk
7} v e A] AEE A
o[EI7} BTt HH o]
A7b= AHEAF Tt FH o

Al

=
LI B

ﬂllﬂl ol >

3

o]

4ol

A =

= o] BF Zt

=

:[

5 % ou
w2,

)

9o duelgs v o Esto] A Ro] JtE FHu)

2k AE3] 2 (MSIT: Maximum Selector with Internal
Tnggers)-% T2 a9 13 2k a9 1-(a)dle 1
kAl 4 7He] 4-H]E dolE (A, B, C, D )ellA Hdj
e teolel& 2= 4 AY=Z MSIT 3|29
7 43

F7Hd (Evaluatlon Cell, EC)& H|E
B el A o] g s AAs= 7]

[e]
e 55
s =/

of, kN

==X H 48 # SD H

(118)

H2s 57

-
7
.

T T2 T
|de|ay }T_d_‘delay |T_' ) |delay|—’_‘ ) delay |—Fin
CK—>
(a)
T; Z
EC
D; ‘?D—r—
J'_\—ﬂ—
Wisq o — W
(b)
a2 1, CXE€ Maximum Selector SlZ (a) ™A Sz
THE (o) Hotde| g2E
Fig. 1. Digital Maximum Selector circuit (a) the overall
structure (b) the circuit of Evaluation Cell.
A " 1-(b) ¢ Zom 1 =9 259 A3y
e te3 2k (FA 7 = LSBE 092, MSB -1
=2 3t
PR DEENEE IR R
7 (GHA) €9 52 Aol Trigger A&
Wi o1 GolAe Hridld ZFols Hrh Ax)

(1: 77, 0: &2

I8 F Wi=19 B& ECY D 7F0d o 1

fol
i
=

B

glolele] ; WA H|EQ]
ECe| &9, W = 4ﬂ7}rﬂ
(W70 o o] o8
m, WEl ol| vk 9l JﬂﬂEH
ojmgteh) vkl Wi 7 0o] = o] l
vz Wil o8 of #e BE W (
20 o] HaL, wehA o] 9
H]EHJ 3} (disable) ®t} 7 &= 7 HellA]
g ECE9 49 HIE gro] 2F 0
2 09 mbit HolgdA 7 &2

2

1 >

qz W
<
o & 2
=N )

QL

o
rlr
tio

D}
oft o
o T

fes)
(@
Mo o

olropoh mok v
)

~
~

i
i

oy
=



58 WE E2[A Y325 o|8e 1&

w1l MS3] 2+ EC 5] (nxm) Fejo] wid= njx|
H F2E Zer 7 = ke diolEE (MSB7F
W Fo] 2EF) 7} ECol g HE A FAgE 9
gteh, Z7]9] vl be d @9 R o] FoixH k H9
Z2+8 Trigger A& 7ol o&] AlFdch 7 & MS

|2 A A BAE = UF Alo] AEEH o] 3
29 AAS dEle E9o s W F=LE 9 Trigger
NS Ty o) 243 Ha, a% 1-(@¢% 2o A
(delay) 320 &) Ths Ty .. T7F A W] 9A
St AIZE afolE ZEa Ao R g shE

A o2 GAstEE T, ANEEe o8 MSB &
E] LSB7HA] ztelabel] 37b7F Wa€). ECe] §7H4
3, W o=le] He A D sl AY 52 7 =19
wojrh, 74 duprh AA A gk (I=0) HolEH &
AN 715l AES (W =1) dlolHEq tgde] H7t
o]l HE= LSBe H7b7t #ud W) Asvt 102
ol del dolgrt A dlol& 7} Ht.
st ol e W7k 12 ol Aol Hojgk
Zb= dlolEl7F Bl Aol ojuj= AREAIF
& AA AR wE ol Fo] shE A9
t},
EC 32+ 949
7F B A
A AAE A 2
2= AAsto] g
7] ﬂoﬂ o EA EC7} A2
t} o
7} & ECE AdEE A
3]® o] QA

220] ¢

[e]
w2t

1
R

p

.

[e3}
=
Z

<
T

0 oﬁ to 2 of

o]
=

el 5
2 5
o NZF tyg

ty +mA (1)

e 7F AT 74A] ¢
2asEc A
dlole o] HIE o

tus =

L

A7IM t,= FYHeRTH T,
A Ao dolg o]
(D)3 2ol MS 3|29 A AL
HlEske A o #H$-Hrk
Hlole] 7 SUhEeE 22l A
Fo] AdAzte] Fkske] o &
7kt fn o] F 7; Alss EC ﬂi«] 74 flo]
“efolye] =7] A3 7] (partitioning) 71HS AR

stol dlole] 9] F7bo) WE JFS At T 5

2 oHES

s

o]
PR

O C|X[& Maximum Selector 3|29 A7

o

= A R
A 2 ogts

717F MS3|2 AA&EEE
A7) fsliA = AlEH ol A
A(worst condition)ol| A =
9 el A A 7F HAe gk
f8kt

HlolE

=z 1
T

ol 7t met A 9] A7)
& Z; o) AdAolth A 9

A

KX
T

3-‘&

=

=

p=

o
B ol Al E S

KEU

Folo] Hopx

m[o lo
off
by
L

;q ANE(T)E AH-&
%ﬂoﬂ o3 EC-ol
ECE sk A& Aers}
27F Aoy
Tt

II. AlElo1d Axt

SPICE Al&#eoldE

sstol MSIT 3|29] 4
SAstAr AlEdelde

MOSIS™el| 4] A

3
L
o

=
o

2

Il

7}
a

SEE R 4ol MS3| =

} =z

of\

kel
=

=
L

IBM®] 12V-0.13um Z=2A4 29 IBM 8RF-LM =¥

st E & ARSERl o AlEHolH=
PC& HSPICEE AH&-3lth AlEdold
HIE dlo]HE gidoz Fastalrt.

EC¢]

SynopsysA
32719

bl
10

AAXZ, tpoe Z A% AAA (falling

delay) ol ZA Fgg W=tk 7 A5d digk HHAz2HA

£
L L

=1
i

W'

E 800m

3 clk i/ ;

8 6lim ; 3

i T9/ FAN T8

3 400m /

200m 4

o Itn 101n o 104 1050
X Time (lin) (TIME)

a7 2. Hopdeo| SEAZE &Y

Fig. 2. Waveforms for the measurement of the

response time of evaluation cell.

(119



2011 28 MASSe] ==X H 48 & SD H

@
=1
=]
3.

T2 T0

Voltages (lin)

™

i wo

T T T T
10n 10.5n 1in 13n

1150 120 _ 12%n 1350 1dr
Tirne (lin) (TIME)
a7 3. MSITEZ oMol d5A el Trigger Aol 2
3 EtMetz AlSol d4hM s
Fig. 3. The Waveforms of the Trigger-chain and the
finish signal (Fin) in MSIT circuit.
E 1. oy 7IX| MS 329 SEH&EEL Hlw
Table 1. Comparison of the response time to several MS
circuits.
AFEE APr=
MSIT
MS MSHE!

) analog analog digital
TR~ 0.35 um 0.09 ym 0.13 ym
At 33V 18V 12V
dle]g 4 8 4 32
4= | 30nA / 55pA | 05mV / 1.8V | 1/ 1024
SHAZ 32 ns 30 ns 34 ns

(best case) ¥ F o} ZA (worst case) &2 A& o)A

A¥} 017ns <tgze <028nsE AATE 18 2+ H
27 AEY o)A MSBE #HE AsE] 3
Yolr}, o] A¥E vEORE Av HFHOZ (033nsE
A7gsk3l

a9 3ol 29 (k)2 ZH5-E MSIT 3| =71 Al2ts}
o] A&AA T o7t wAstel S 8s (Fin)7}

B A e] sbgelt). t,=01ns o|H, AE B
Ao® 03Bns®E AASALE ¢, = 34ns ¢ 149
SHAE 9& 5 SUSITh F 1o Hol TEE MS
82 Sah MSITE 2oke] £w=8 1ushs

npe} o] tA" MS3| &9 £
7} &3 S4E (Resolution)& 2t o @1 MSEH]
zo| HERU A wE

PN
o Ak

e AT ¢ U8

V.2 E

H =R & Parallel Bit Selection ¥-2lo| HlerS

(120)

H2s 59

T RS 159 gxd MS3 £¢ MSITE A Ak
Tﬂr MSITE MS :&li 1R [ I o RS I

=

my >

T2 ]—”E:l MSQE
‘E&E’i, fAd MS3| 29
| €k oxd MS3| =
=2 3l = (Resolution)

A5l

P

o
0] o I

A=

oﬁ

[1] J. Lazzaro, S. Ryckebusch, M. A. Mahowald, and
C. A. Mead, D. S. Touretzky, Winner-T1ake- All
Networks of O(n) Complexity, vol. 1, pp.703
=711 1989 :Morgan Kaufmann.

A. G. Andreou, K. A. Boahen, A. Pavasovic, P.
O. Pouliquen, R. E. Jenkins, and K. Strohbehn,
“Current-mode subthreshold MOS circuits for
analog VLSI neural systems”, IEEE Trans.
Neural Netw, vol. 2, no. 2, pp.205-213 1991.

P. O. Pouliquen, A. G. Andreou, K. Strohbehn,
and R. E. Jenkins, “An associative memory
integrated system for character recognition”,
Proc. 36th Midwest Symp. Circuits Systems,
pp.762-765 1993.

[4] J. A. Startzyk and X Fang, “CMOS
current-mode winner-take-all circuit with both
excitatory and inhibitory feedback”, Electron.
Lett, vol. 29, no. 10, pp.908-910 1993.

S. P. DeWeerth and T. G. Morris,
current-mode  winner-take-all  circuit

[3]

“CMOS
with

[5]

distributed hysteresis”, FElectron. Lett, vol. 31,
no. 13, pp.1051-1053 199%.
[6] G. Indiveri, “A current-mode  hysteretic

winner-take-all network, with excitatory and
inhibitory coupling”, Analog Integr. Circuits
Signal Process., vol. 28, pp.279 -291 2001.

D. M. Wilson and S. P. DeWeerth, “Winning
isn't everything”, Proc. IEEE ISCAS'%, pp.105
-108 1995.

R. Kalim and D. M. Wilson, “Semi-parallel
rank-order filtering in analog VLSI”, Proc



60 I8 Eg[A UM3Z2E 0|8
IEEE ISCAS99 vol. 2, pp.232 -235 1999.
[O] Fish, A. Milrud, V. Yadid-Pecht, O. “High-

speed and high-precision current winner-take—
all circuit,” Circuits and Systems II: Express
Briefs, IEEE Transactions on, vol. 52, no. 3, pp.
131-135, March 2005.

[10] S. M. Jung, S. Shin, H.. Baik, and M. S. Park,
“New fast successive elimination algorithm’,
Proc. I[EEE MWSCASZ000, pp. 616-619, 2000.

[11] Kapralski, A. “The maximum and minimum
selector SELRAM and its application for
developing fast sorting machines,” Computers,
IEEE  Transactions on, vol. 38 mno. 11, pp.
1572-1577, Nov 1989.

[12] Shibata, T. Nakada, A. Konda, M. Morimoto, T.

Ohmi, T. Akutsu, H. Kawamura, and A.
Marumoto, K., “A  fully—parallel  vector
quantization processor for real-time motion
picture compression” [EEE ISSCCY97  pp.

270-271, 1997.

[13] Nozawa, T. Konda, M. Fujibayashi, M. Imai, M.
Ohmi, T., “A parallel vector quantization
processor eliminating redundant calculations for
real-time motion picture compression” IEEE J.
Solid State Circuits,, vol. 35, noll, pp.
1774-1751, 2000.

[14] Ogawa, M., Ito, K. Shibata, T. “A general-
purpose vector-quantization processor employing
two-dimensional bit-propagating winner-take-
all” IEEE Sym. VLSI Circuits Digest of Tech.
Papers, vol. 35, no.11, pp. 244-247, 2002.

[15] The MOSIS Service, http://www.mosis.com/
Technical/Testdata [Online]

[16] Rahman, M.; Baishnab, K.L.; Talukdar, F.A., “A
high speed and high resolution VLSI
Winner-take-all circuit for neural networks and
fuzzy systems” IEEE ISSCC2009 pp. 1-4, 2009.

b 1£9 CJXE Maximum Selector 3|29 A7

(121

o
[olz]
n

HAIY)

Agieta 213 5t
a1a}
A gista 713 5t

A A}

The Univ. of Texas at

Austin. ECE, Ph.D.

1988t ~2002 dAdjdar (& sloly )

20050 dFA 5 #Er|EAdTFA(DGIST)
AT

20063 ~ & A =it (dt) AApEsty w4

<FRA Rk VLSI/SoC A7, Embedded System,

Digital System 44 A]>



